Numerous taxa have the ability to autotomize parts of their bodies to increase survivorship in dangerous or stressful situations. Effects of autotomy on a surviving individual's subsequent ecological function is not well understood for most species. In this study, we provide the first quantification of autotomy patterns within a population (frequency of injured individuals) and within an individual (frequency of missing pereopods, or limbs) of the Asian shore crab Hemigrapsus sanguineus. This crab, member of the family Grapsidae, is a recent introduction to the eastern coast of North America. Of 95 crabs sampled, 42% were missing at least one limb, with larger crabs missing more limbs than smaller crabs. Of the sample, 16% were missing at least one cheliped, with chelipeds more likely to be lost than walking limbs. These rates of limb loss are comparable to those of other crabs in their native ranges. Limb loss patterns affected feeding rate and size of prey consumed. Crabs missing one cheliped fed slower than those with both chelipeds, but consumed a similar ratio of small to large prey as crabs with both chelipeds. Crabs with no chelipeds, which fed at the slowest rate, consumed a larger ratio of small to large prey than crabs with either one or two chelipeds. These feeding results suggest that frequency of limb loss in H. sanguineus autotomy levels has potential to affect several population-and community-level processes.
Autotomy, the ability of certain organisms to disarticulate parts of their bodies in response to stressors, can lead to increased likelihood of survival during stressful situations. Taxa capable of various forms of autotomy include several vertebrates (Arnold, 1988) , arachnids (Brautigam and Persons, 2003) , echinoderms (Bingham et al., 2000; Ramsay et al., 2001) , mollusks (Stasek, 1967) , and Crustacea (see reviews by Juanes and Mariappan et al., 2000) . Generally, the most common stressor inducing autotomy is predatory attack or intraspecific aggression (Juanes and Smith, 1995; Wasson et al., 2002) ; however, this behavior can also be initiated in response to physiological stress (Stasek, 1967) . Distraction is a benefit of this behavior in the former case, as the predator may focus on the dropped appendage rather than on the rest of the individual and thus provide the prey with a chance to escape. In the case of physiologic stress, the benefit of autotomy may include focus of energy on essential body organs.
In many decapods, any of the ten pereopods (limbs) can be autotomized, including chelipeds, walking limbs, and for those that have them, swimming legs. The degree to which an individual that has autotomized one or more limbs can return to ''normal'' ecological or physiological functions is not well understood for most species (Juanes and Smith, 1995; Mariappan et al., 2000) . However, as these limbs clearly have useful functions, individuals with a high number of autotomized limbs are likely to suffer disadvantages in survivorship from further predatory attack, competitive ability, feeding rate or behavior, movement (including swimming ability), mating behavior, growth, or energy allocation during limb regeneration. For example, high autotomy levels led to lower chances of winning intrasexual encounters in jumping spiders, Trite planiceps (see Taylor and Jackson, 2003) ; decreased ability to court mates in green crabs, Carcinus maenas (see Abello et al., 1994) ; lower fecundity in the crab Cyrtograpsus angulatus (see Silva et al., 2003) , and the sea star Leptasterias hexactis (see Bingham et al., 2000) ; decreased growth rate in the crabs Necora puber (see Norman and Jones, 1991) and Cancer productus (see Brock and Smith, 1998) ; and decreased foraging success in the blue crab Callinectes sapidus (see Smith and Hines, 1991b) . However, in some cases, high levels of autotomy do not appear to affect processes such as foraging in green crabs (Mathews et al., 1999) , mating ability in wolf spiders (Brautigam and Persons, 2003) , or survivorship of predatory attack in blue crabs .
Impacts of limb loss may indirectly affect other parameters, such as habitat choice and distribution. If a crab with a missing cheliped is more susceptible to predation, it may choose to inhabit a region with more refuge until limb regeneration (Shirley et al., 1990; Moriyasu et al., 1999) , which may occur after several molts (Juanes and Smith, 1995; Brock and Smith, 1998) . If a rocky intertidal crab cannot negotiate its habitat as well with missing walking legs, it may chose an area less influenced by tidal energy until its limbs regenerate.
The purpose of this study was to quantify autotomy patterns in the Asian shore crab Hemigrapsus sanguineus, a recent introduction to eastern North America. This small crab is now one of the most abundant rocky intertidal macrofaunal organisms in southern New England. Within the United States, it was first found in New Jersey in 1988, arrived in Long Island Sound in 1993, and now occurs from South Carolina to Maine (McDermott, 1991; Ledesma and O'Connor, 2001) . Autotomy patterns are as yet unreported for any part of its range, native or introduced.
We aimed to quantify patterns of limb loss both within populations (frequency of injured individuals) and within individuals (frequency of injured limbs), comparing these frequencies to those reported for other crab species. Second, we tested whether autotomy pattern within an individual influenced feeding rate on molluscan prey. Determining how H. sanguineus individuals with different levels of limb loss feed and otherwise function in the environment may improve predictions about their overall potential impacts in their non-native habitats, including competition with native species and predation on mollusks and other prey.
MATERIALS AND METHODS

Autotomy Patterns
Hemigrapsus sanguineus were sampled at three sites in southern Wave energy differed between the high energy rocky intertidal Weekapaug, the semiprotected rocky intertidal Stonington, and the calm river site of Mystic. Because sites were not sampled at the same time, and therefore both date and site varied among collections, data from each site were analyzed separately.
At Stonington, crabs were collected in a randomly chosen 100 m 2 area encompassing the low and mid-intertidal zones (0.1-0.7 m above mean lower low water (MLLW)). All crabs discovered by turning over rocks within a 1-hour period were collected by hand, with only the smallest (carapace width (CW) , 5 mm) escaping. At the Mystic River site, all crabs clinging to two fouling structures suspended from a dock at 0.5 m depth (in a 2 m depth water column) were collected. The structures were 0.25 3 0.5 3 0.5 m in dimension with a metal frame base, thick with fouling organisms after more than three years in the river. At these two sites, gender, CW, and presence/absence of each limb was recorded for each crab. Regenerating limbs, not often observed, were counted as limbs present.
At Weekapaug, three cross-shore transects 25 m long and 15 m apart were sampled during April 15-20 in the rocky intertidal zone from a random starting point within a 100-m longshore section. Six 0.5 3 0.5 m quadrats were sampled along the transects at 0 m, 5 m, 10 m , 15 m, 20 m, and 25 m in horizontal distance from MLLW. Within each quadrat, all moveable rocks were removed to enable hand collection of all crabs CW . 5 mm. Gender, carapace width, and the presence/absence of each cheliped were measured for Weekapaug crabs. Regenerating chelipeds were considered present. Presence/absence of walking limbs was not recorded at this site.
Four limb-loss-pattern questions were addressed for Mystic and Stonington crabs, for which full autotomy data were collected. First, to determine whether chelipeds or walking limbs were most likely to be lost, a chi-squared test was used with an expected ratio of cheliped to limb loss of 1:4. Second, a t-test was used to determine whether crabs missing one or both chelipeds had greater numbers of missing walking legs than crabs with intact chelipeds.
Third, the distribution of crabs within 10 limb loss categories (based on the number of missing limbs) was compared to a distribution expected if the probability of missing each limb were independent. Expected distributions were calculated based on the binomial distribution, as each limb has two mutually exclusive states: presence or absence. The probability of a crab missing x limbs was calculated as (Zar, 1999) :
where k ¼ the number of limbs considered (always 10), p ¼ the probability of the absence of a limb, and q ¼ the probability of the presence of a limb and is calculated as 1-p. The probability p, calculated as if each limb were independent, was equal to the total number of limbs missing from the crabs divided by total potential limbs. All limbs were assumed for the sake of this comparison to have equal loss probabilities. Based on p(x), expected distributions of crabs across the 10 limb-loss categories were calculated and compared to observed distributions with a chi-squared test. A significant difference would indicate that losses of separate limbs were not independent, and that the likelihood of missing a limb was greater if other limbs were already missing. Fourth, several scenarios of individual limb loss rates ( p in equation 1 above) were modeled. The probability of loss of an individual limb is not likely to be constant over time, as for example, predation pressure may change with season. Effects of changing the individual limb-loss rate ( p) on the frequency of the population's crabs in each of the 10 limb-loss categories was calculated.
In addition, relationships between autotomy patterns and the factors of gender and crab size were tested. For Mystic Seaport and Stonington crabs, mean proportion of a crab's 10 limbs that were missing was compared between male and female crabs with t-tests. In addition, proportion of crabs within the population that were missing limbs was compared between genders with a chi-squared test. Relationships between crab size and the proportion of missing legs were tested with regression analysis. All proportion values were arc-sine square-root transformed prior to analysis.
At Weekapaug, effects of gender, intertidal height (low or high), and crab size on the proportion of crabs missing one or both chelipeds were tested with a three-way, fixed effects analysis of variance (ANOVA). Crabs were assigned to four size classes: CW , 10 mm, 11-15 mm, 16-20 mm, and CW . 20 mm. Crabs in the three lowest quadrats 10 m in crossshore distance from MLLW were considered to be low intertidal, those ! 15 m from MLLW were considered to be high intertidal. We hypothesized that crabs with higher autotomy levels would occur higher in the intertidal zone. Though exposed to greater aerial and terrestrial predation, high intertidal areas offer a refuge to crabs with regenerating limbs from predation and competition in the lower and subtidal zones.
Feeding Success
Feeding ability of crabs missing both, one, and no chelipeds was compared in the laboratory. Thirty male crabs of 24-36 mm CW were collected from Weekapaug in April 2004 and randomly divided into three groups of 10. Both chelipeds were removed by autotomy from crabs in one group, one cheliped was removed by autotomy from crabs in the second group (H. sanguineus chelipeds are not dimorphic, J. Carlton, pers. obs.), and the third group was left intact. After 48 hours, during which crabs were fed frozen brine shrimp and maintained in 30 cm 3 12 cm tanks filled with filtered 31 ppt, 238C water, each crab was placed in a cylindrical container 12-cm in diameter and 8-cm in height filled with water of the same characteristics.
Each container was supplied with 30 mussels (Mytilus edulis) originally collected from Weekapaug at the time of crab collection. These 30 mussels were divided evenly into three size categories: shell length (SL) 1-6 mm, 7-12 mm, and SL . 12 mm. Every 24 hours for six days, the number of mussels remaining in each size class was counted, and consumed mussels were replaced to maintain a constant prey supply. One one-clawed crab escaped, and one no-clawed crab died during the trials and so were not included in the analysis. A two-way ANOVA was used to compare mortality rates of mussels, with autotomy (both, one, and no chelipeds) and size class of mussels as categories. Because there was a significant interaction effect, individual ANOVAs with Tukey post-hoc tests for multiple comparisons were also used to test effects of autotomy on each mussel size class separately.
RESULTS
Of 390 crabs sampled at Weekapaug, 1% were missing both chelipeds and 11% were missing one cheliped. Walking limb loss was not recorded at this site. Of the 68 crabs sampled at Stonington, 4% were missing both chelipeds, 16% were missing one cheliped, 49% were missing at least one limb (chelipeds or walking legs), and 13% were missing three or more limbs (Fig. 1) . However, at Mystic, none of the 27 crabs sampled were missing both chelipeds, only 7% were missing one cheliped, only 26% were missing at least one limb, and none were missing more than one limb.
Chelipeds were more likely to be autotomized than walking limbs at the sites where walking limb loss was recorded. The overall lost chelipeds : lost walking limbs ratio was 1:2, higher than the expected ratio of 1:4, (v 2 ¼ 50, P , 0.001). Crabs missing one or both chelipeds were not missing significantly more walking legs than crabs with both chelipeds intact (t 66 ¼ 1.4, P ¼ 0.17).
Of the 68 Stonington crabs, and therefore 680 total possible limbs, 68 limbs were missing, suggesting a 10% loss rate if each limb loss event were independent. The observed frequency of crabs within limb-loss patterns was significantly different than a frequency expected if limb losses were independent (v 2 ¼ 21, P , 0.001) (Fig. 1) . Crabs missing no limbs and crabs missing more than two limbs were observed more frequently than expected, and crabs missing only one or two limbs were less abundant than expected.
Changing the probability of individual limb loss (p in Equation 1 ) from the observed value of 10%, which might occur if predation pressure changes, affected the frequency of individuals in each limb loss category (Fig. 2) . Reducing the probability of individual limb loss from 10% to 5% resulted in a change from more than half the crabs missing at least one limb to less than half the crabs exhibiting autotomy. Doubling the probability of individual limb loss to 20% resulted in most crabs missing two limbs or more.
Gender, Spatial Distribution, and Crab Size The number of missing limbs per individual was positively correlated with crab size at Stonington (regression analysis: r 2 ¼ 0.07, P ¼ 0.010) (Fig. 3A) and Mystic (r 2 ¼ 0.16, P ¼ 0.041). At Weekapaug, crab size significantly affected the proportion of crabs missing one or both chelipeds (Table 1, Fig. 3B ). Of 61 crabs CW . 20 mm, 22% were missing a cheliped, compared to 10-12% of 329 crabs in smaller size classes.
The number of missing limbs per individual did not significantly differ by gender. At Stonington, males (mean size 11.1 6 0.8 mm CW) were missing 0.9 6 0.2 of their Limb loss was not significantly different between high and low intertidal height levels at Weekapaug (Table 1) . Averaged for high and low intertidal quadrats, 12.9 6 3.3% of 170 crabs in high intertidal quadrats were missing one or more chelae, and 9.8 6 2.7% of 220 crabs in lower intertidal quadrats were missing chelae.
Feeding Success
The number of missing chelipeds impacted predation rates of male H. sanguineus on mussel prey (Fig. 4) . Crabs missing both chelipeds had a significantly lower predation rate than crabs with one cheliped, which had a significantly lower predation rate than crabs with both chelipeds intact (two-way ANOVA, effect of cheliped autotomy level: F 2,75 ¼ 214, P , 0.001, Tukey post-hoc P , 0.05 for all multiple comparisons).
The ratio of prey sizes consumed also changed with level of autotomy, as suggested by the significant interaction term (two-way ANOVA, autotomy Á mussel size interaction: F 4,75 ¼ 11.1, P , 0.001). Mussel size ratios were more similar between crabs with one and two chelipeds than for crabs missing both chelipeds. Of those mussels consumed by crabs with no chelipeds, almost all (94 6 2%) were small, and none were large. Of those mussels consumed by crabs with one and two chelipeds, 40 6 4% and 36 6 2%, respectively, were small, and 19 6 4 % and 31 6 1%, respectively, were large. Though crabs missing both chelipeds ate almost exclusively small prey, even within the smallest mussel group consumption rate was higher with increasing numbers of chelipeds (one-way ANOVA: F 2,27 ¼ 56.4, P , 0.001, Tukey post-hoc tests, P , 0.05).
The effect of crab size on consumption rate was dependent on two factors: mussel size and cheliped autotomy level. For crabs with one or both chelipeds, crab size was not related to consumption rate of small mussels (Fig. 5A) , but was related to consumption rate of large mussels (Fig. 5B ). For crabs with no chelipeds, which consumed no large mussels (Fig. 5B) , crab size was related to consumption rate of small mussels (Fig. 5A ).
DISCUSSION
Frequencies of limb loss in Hemigrapsus sanguineus in southern New England were within the range presented for other decapods in their native habitats. Percentages of crabs missing at least one cheliped were 7% at Mystic, 12% at Weekapaug, and 20% at Stonington. These values are similar to those presented by Juanes and Smith (1995) for other species (Table 2) . Overall autotomy levels of 49% and 26% at Stonington and Mystic, respectively, were also in the same range as those found in most other decapod studies (Table 2) . Unfortunately, autotomy rates for H. sanguineus Fig. 4 . Mean percent consumption per day (6 1 SE) of mussels in different size groups by crabs of the three cheliped autotomy levels (no chelipeds (n ¼ 9 crabs), one cheliped (n ¼ 9 crabs), and both chelipeds (n ¼ 10 crabs) present). Like letters within each mussel size group represent means not significantly different from each other according to Tukey post-hoc tests. Fig. 5 . Relationship between crab size and consumption rate of small mussels for crabs of all three autotomy levels (no chelipeds, one cheliped, and both chelipeds present). Results of regression analyses are presented for all three levels. in its native Asian habitat are not available in the literature in order to compare autotomy between native and nonnative ranges.
Though similar to other crabs in terms of general autotomy rates, two characteristics of autotomy differed between H. sanguineus in southern New England and other crabs: effects of body size on autotomy rate and effects of cheliped loss on feeding rate. The positive relationship between animal size and autotomy level is not consistent across all other species. Other studies report mixed results for this relationship: some positive (Juanes and Smith, 1995, Mathews et al., 1999) , some negative (Edwards, 1972) , some unrelated (Shirley and Shirley, 1988) , some parabolic (Spivak and Politis, 1989) , some different according to gender (Abello et al., 1994) , some dependent on geographic scales (Smith and Hines, 1991a) , and some dependent on which limbs are considered (Norman and Jones, 1991) .
In addition, the effect of injury on at least one ecological process (feeding rate) was slightly different for H. sanguineus than for other crabs. In other crabs, the loss of both chelipeds affected prey choice (Bender, 1971; Smith and Hines, 1991b) , but crabs missing only one cheliped could modify use of the first walking leg to feed similarly to intact crabs (Smith and Hines, 1991b) . In H. sanguineus, the loss of only one cheliped affected feeding rate and prey size selection to a degree. Crabs missing only one cheliped did feed more similarly to intact crabs than to clawless crabs, but still had depressed feeding rate, particularly on the largest prey.
Crabs of other species missing both chelipeds have been found to switch to soft prey (Bender, 1971; Edgar, 1990) or, as in the present study, smaller individuals of the hard prey species (Elner, 1980) . However, green crabs (Carcinus maenas) missing chelipeds had the same gut contents in the field as intact crabs (Mathews et al., 1999) , suggesting that this process is not always translated from the laboratory to the field. It is possible that large hard prey, while readily consumed by two-clawed crabs in the laboratory, are not always available even to intact crabs in the field.
Body size became an important factor in feeding rate of H. sanguineus only for prey toward the higher end of manipulation or consumption difficulty. For two-clawed crabs, which could feed easily on small mussels, crab size was not a factor. However, large mussels, which required more manipulation, were more readily eaten by larger than smaller two-clawed crabs. For crabs missing both chelipeds, which did not consume large mussels, body size influenced feeding rate on all mussels eaten. Large one-clawed crabs of 36 mm CW fed at about the same rate as smaller two-clawed crabs of 23 mm CW, suggesting that the effect of losing one cheliped reduced the impact on prey organisms of the crab predator's size. Crabs missing both chelipeds fed at about 17% the rate of one-clawed crabs, and 13% the rate of twoclawed crabs. It is important to note that the magnitude of these rate differences might differ for females, which have smaller claws (McDermott, 1999) .
The ecological importance of missing chelipeds is amplified by the fact that, as with most other decapods (Juanes and Smith, 1995) , H. sanguineus had a greater chance of missing a cheliped than a walking leg. Crabs are either unlikely to permit themselves to be attacked from behind, or simply less likely to survive with a nonlethal injury if attacked in this manner (Juanes and Smith, 1995) . Results also suggest that limb loss events were not independent in H. sanguineus, and that either (a) crabs already injured are more likely to undergo further limb loss, or (b) single events resulting in more than one lost limb are more common than single-limb injuries. Despite the impact of autotomy level on feeding rate, degree of limb loss was not correlated with distribution along a cross-shore gradient within the intertidal zone. This lack of relationship suggests that either equal amounts of prey in all size classes are available throughout the intertidal zone, or that distribution is driven by parameters other than prey availability. For other decapods, certain habitats with lower predation risk and/or environmental conditions more conducive to molting (and therefore limb regeneration) have higher proportions of autotomized animals than other areas (de Fur et al., 1988; Shirley et al., 1990; Juanes and Smith, 1995; Moriyasu et al., 1999) .
The decapod assemblage of the New England rocky intertidal zone has undergone several transformations in the past two centuries. Once a region dominated by native rock crabs (Cancer spp.) and lobsters (Homarus americanus), this zone witnessed the establishment of the non-native European green crab (Carcinus maenas) in the early 1800s (Carlton and Cohen, 2003) , and the broad-scale removal of lobsters from intertidal shores throughout the 1800s and 1900s (Steneck and Carlton, 2001) . In southern New England waters, Carcinus remained the predominant abundant intertidal crab for nearly 200 years, until the arrival of H. sanguineus, which on many rocky shores of Long Island Sound is now (2005) the only common or abundant crab species (Lohrer and Whitlatch, 2002; J. Carlton, personal observations) .
Results of the present study suggest that were stressinducing influences to change in the intertidal zone leading Table 2 . Rates of limb loss for decapods. Ranges and medians are from studies presented in the review by Juanes and Smith (1995) . If no range is listed, the value reflects only one study. The values for Hemigrapsus sanguineus are those calculated in this study. to higher H. sanguineus autotomy, such as, for example, another larger introduced crab, population-level processes within H. sangunineus would be affected as would populations of their prey. Additional study is needed to determine how autotomy affects survivorship, mating behavior and success, and other population-level parameters for this species. Such study will enable modeling and testing of community-level effects.
